Introduction
Lipopolysaccharides (LPSs) represent the major component of the outer leaflet of the outer membrane of Gram-negative bacteria. The outermost portion of the LPS is the O-antigen polysaccharide (PS), which often consists of oligosaccharide repeating units where diverse monosaccharides can be found in different arrangements and linkages. The variability of the O-specific PS provides serological specificity, which is used as one of the major bases for serotyping schemes of Gram-negative bacteria (Knirel 2011) . The O-antigen PS of Escherichia coli strains can be assembled by two different pathways, namely Wzx/Wzy-dependent (typical for heteropolymers) and ABC-transporter dependent (typical for homopolymers). The genes responsible for the O-antigen biosynthesis are usually located in a single cluster, and can be classified in three different groups: (i) genes encoding enzymes involved in the biosynthesis of sugar nucleotides, (ii) genes encoding glycosyltransferases and (iii) genes encoding proteins involved in the O-antigen processing, such as the O-antigen flippase (Wzx) and polymerase (Wzy). The two last classes of genes encode enzymes that are highly specific to sugar donors, sugar acceptors and the linkages between them, and thus the major structural differences observed in the O-antigens are attributed to genetic variations in this region of the O-antigen gene cluster (Samuel and Reeves 2003) . Among the 174 E. coli serogroups identified to date, the structures of >100 O-antigen PSs have been elucidated. The E. coli serogroups are presently numbered from O1 to O181, but a few of these are no longer in use resulting in the slightly lower number described above. However, within a serogroup, subgroups of different O-antigen structures may be found, e.g. the recently determined E. coli O18A1A2 (Zaccheus et al. 2012 ) in addition to the four previously described subgroups within the O18 serogroup. Consequently, there are currently 200 different O-antigens serologically and/or structurally identified. Information about the structures, NMR chemical shifts and cross-reactivity relationship can be found in ECODAB (http://www.casper.organ.su.se/ECODAB), in addition to information about glycosyltransferases involved in the biosynthesis of the O-specific PSs (Stenutz et al. 2006; Lundborg et al. 2010; Rojas Macias et al. 2012) .
E. coli is a Gram-negative, facultative anaerobic rod and part of the normal intestinal microflora. E. coli strains are rarely harmful but some have acquired virulence factors, which allow them to cause diseases, being one of the most common causes of food-borne gastroenteritis in humans.
There are six different pathotypes of E. coli that may be involved in diarrhoeal diseases (Kaper et al. 2004 ) and the different serogroups belong to different pathotypes. However, depending on the acquired virulence factors, some of them may belong to more than one pathotype. Such is the case of the E. coli strain investigated in this study; it belongs to the serogroup O115 and has been identified as (i) verocytotoxinproducing E. coli (VTEC) (Gilmour et al. 2009 ), (ii) enterotoxigenic (ETEC) (Ansaruzzaman et al. 2007 ) and (iii) enteropathogenic (EPEC) (Saito et al. 2005 ). In addition, the E. coli O115 may cause diarrheal disease in both humans and animals (Cookson et al. 2002; Aktan et al. 2004; Chen et al. 2004; Dezfulian et al. 2004; Wales et al. 2005) .
The O-antigen gene cluster of E. coli O115 was previously sequenced (Wang et al. 2010) , and 14 genes were identified on the basis of their similarities to genes in other bacteria. In this work, the structure of the biological repeating unit of the O-antigen PS of E. coli O115 has been elucidated, as well as the O-acetylation pattern. In addition, the functions of two of the four glycosyltransferases identified in the O-antigen gene cluster have been determined using similarity searches (Lundborg et al. 2010) .
Results and discussion
The LPS from E. coli O115 was obtained from the membrane of the bacteria grown in a Luria-Bertani (LB) medium by hot phenol/water extraction. The LPS was delipidated under mild acid conditions to yield the PS, which was purified by gelpermeation chromatography. The 1 H NMR spectrum revealed a complex material with several signals in the region between 2.11 and 2.23 ppm corresponding to O-acetyl groups (Figure 1a ), which disappeared after the treatment with dilute aqueous NaOH and further purification by gel-permeation chromatography (Figure 1b) . Subsequent sugar analysis revealed rhamnose, mannose and 2-amino-2-deoxyglucose in a relative ratio of 25:32:43. Galacturonic acid was identified by methanolysis. The determination of the absolute configuration of the sugars utilized authentic standards and showed L-Rha, D-Man and D-GlcN, as well as D-GalA.
The 1 H NMR spectrum of the O-deacetylated PS revealed five resonances that were assigned to anomeric protons with 1 H chemical shifts of 5.20, 5.11, 4.82, 4.68 and 4 .58 ppm (Figure 1b) . The corresponding sugar residues were denoted by A-E, in order of decreasing 1 H chemical shifts of their anomeric protons. Resonances were also present, inter alia, at δ H 2.02 and 2.08 corresponding three protons each indicating that the amino sugars are N-acetylated. Furthermore, a signal at 1.32 ppm (3H) was consistent with protons from a methyl group of a 6-deoxy-sugar, as detected in the component analysis. The multiplicity-edited 1 H, 13 C-HSQC spectrum of the PS (Figure 2 ) showed in the region for anomeric resonances five cross-peaks corresponding to hexopyranosyl residues. In the 13 C NMR spectrum 34 resonances were observed (data not shown), confirming that the O-antigen PS of E. coli O115 is built of pentasaccharide repeating units. The chemical shifts of the sugar residues were assigned using a combination of 1D and 2D NMR techniques. D) whereas the resonance at δ C 175.24 has correlations to δ H 2.08 (Me in E) and δ H 3.80 (H2 in E), confirming the N-acetyl groups at the C2 positions in residues E and D. The existence of the uronic acid was confirmed by correlations from δ C 175.76 to δ H 4.37 (H5 in A).
The substitution positions for the sugar residues were identified from the 13 C NMR glycosylation shifts (Söderman et al. 1998) . Residue A has a significant glycosylation shift of Δδ C 8.72 for C4, showing that it is →4)-α-D-GalpA-(1→. Residues B and D are both 3-substituted, with glycosylation 
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shifts of Δδ C 9.04 and 6.79, respectively; thus, these residues are →3)-α-D-Manp-(1→ and →3)-β-D-GlcpNAc-(1→, respectively. Residue E has glycosylation shifts of Δδ C 2.80 and 5.70 for C3 and C4, respectively, showing that this residue is disubstituted and corresponds to →3,4)-β-D-GlcpNAc-(1→. The sequence of the sugar residues in the O-antigen repeating unit was determined from 1 H, 1 H-NOESY and 1 H, 13 C-HMBC experiments. Five inter-residue correlations from the anomeric protons to the respective protons at the substitution positions were observed in the 1 H, 1 H-NOESY spectrum (Figure 3) , which defines the sequence of the sugar residues in the repeating unit. Additional cross-peaks were also observed between δ H 4.37 and 4.12 and assigned to H5 in residue A and H2 in residue B, as well as between the methyl group of the N-acetyl group of residue D at δ H 2.01 and the resonances at δ H 3.63 and 3.81, assigned to H5 and H6 in residue B, respectively. These NOEs are consequently observed to sugar residues adjacent to the 3-substituted C-HMBC spectrum revealed a cross-peak between H1 in residue C′ and C4 in residue E′, confirming that the terminal part in the PS is β-L-Rhap-(1 → 4)-β-D-GlcpNAc-(1→ and, consequently, the biological repeating unit in the O-antigen is defined, having a →3)-β-D-GlcpNAc-(1→ residue at its reducing end (Stenutz et al. 2006) .
In the 1 H NMR spectrum of the native PS of E. coli O115 several resonances corresponding to O-acetyl groups were identified in the region between 2.11 and 2.23 ppm (Figure 1a) , and as a consequence, several sets of signals were found for the different monosaccharide residues due to partial O-acetylation. The occurrence and the position of O-acetyl groups in a PS may influence its immunogenicity (Konadu et al. 1996; Berry et al. 2002; Ali et al. 2008) , and thus it is of interest to establish their exact substitution locations. Seven resonances corresponding to H6 of rhamnosyl residues were identified at 1.21-1.38 ppm, and the respective spin systems characterized using Chemical shift differences as compared to corresponding monosaccharides (Jansson et al. 1989 ) are given in parentheses. C-HMBC spectrum a correlation was observed from the carbonyl carbon at δ C 174.39 to δ H 4.45 (H5 in GalpA3Ac). Integration of the anomeric signals in the 1 H, 13 C-HSQC spectrum revealed that the three populations of galacturonosyl residues are distributed as follows: 3% GalpA2Ac, 25% GalpA3Ac and 72% GalpA. Table III and the biological repeating unit of the O-antigen PS of E. coli O115 is shown in Figure 6 . Furthermore, in the 1 H, 13 C-HSQC spectrum three additional minor cross-peaks were identified at δ H /δ C 4.62/ 102.75 (H1/C1), 3.70/56.88 (H2/C2) and 2.12/23.51 (Me) and attributed to a GlcpNAc residue similar to residue E, but with slightly altered chemical shifts due to the 3-O-acetylation of the neighboring GalpA residue.
In the study carried out by Wang et al. (2010) , four genes encoding glycosyltransferases (wegG, wegI, wegK and wegL) were identified in the O-antigen gene cluster of E. coli O115. Herein, these genes were analyzed using BLAST (Altschul et al. 1990 ) in an attempt to predict their function on the basis of similarities with genes in other E. coli and Shigella strains. The wegG gene shares 44% identity (E. value = 4 × 10 −95 ) with WfgB of both Shigella dysenteriae type 12 and E. coli O152, which were predicted to code for the glycosyltransferase that catalyze the formation of the linkage β-L-Rhap-(1 → 4)-D-GlcpNAc (Olsson et al. 2005; Liu et al. 2008; Lundborg et al. 2010) , whereas the wegL gene shares 49% identity (E. value = 1 × 10 −107 ) with WffE of both Shigella dysenteriae type 12 and E. coli O58, which were predicted to code for the glycosyltransferase that catalyze the formation of the linkage α-D-Manp-(1 → 3)-D-GlcpNAc (Dmitriev et al. 1977; Liu et al. 2008; Lundborg et al. 2010) . Thus, the functions of these glycosyltransferases in the formation of the corresponding structural elements are consequently predicted in E. coli O115. The functions of the two remaining glycosyltransferases could not be assigned to the formation of the respective linkages as no substantial similarities were found with other glycosyltransferases available in the database.
In conclusion, in this study the biological repeating unit of the O-antigen PS from E. coli O115 has been fully characterized using a combination of NMR techniques and chemical analysis. The structure reported herein is fully consistent with the genetic information previously reported (Wang et al. 2010) , regarding the biosynthetic pathway used in the biosynthesis of the O-antigen PS (Wzx/Wzy-dependent pathway), the expected number of glycosidic linkages generated by four different glycosyltransferases and the anticipated presence of L-Rha and D-Man residues in the structure. In addition, the function of two glycosyltransferases has been successfully predicted using BLAST (Altschul et al. 1990) , information that can be used further to assist in the structural characterization of other O-antigen PSs. Furthermore, this study highlights the importance of using the structural data in combination with a genetic information in order to predict sugar components and structural elements (Lundborg et al. 2010) . Herein, we also reported a detailed NMR analysis of the O-acetylation pattern observed in the two monosaccharide residues (L-Rha and D-GalA) in the native PS of E. coli O115. This information is also in agreement with the two O-acetyltransferases present in the O-antigen gene cluster of E. coli O115 (Wang et al. 2010 ) and give some insights into the function of the O-acetyltransferases from the point of view of the acceptor residue. However, unveiling the exact target position(s) of an O-acetyltransferase within a monosaccharide residue may be a challenging task, as the O-acetylation pattern observed in the PS can be the result of acetyl migration taking place during the extraction, purification or delipidation of the LPS (Roslund et al. 2008 ).
Materials and methods
Bacterial strain, conditions of growth and preparation of the PS The test strain for E. coli O115:K-:H18, strain CCUG11416, was obtained from the Culture Collection, University of Gothenburg. The bacterium was grown, the LPS isolated and the delipidated PS purified as previously described (Olsson et al. 2008; Svensson et al. 2011 ).
Preparation of the O-deacetylated PS O-deacetylation of the PS was performed with 0.5 M NaOH at 20°C for 18 h. The solution was neutralized with Dowex 50 W × 8 (H + ) exchange resin, filtered and freeze-dried. The O-deacetylated PS was purified by gel-permeation chromatography using an ÄKTApurifier system equipped with an HiLoad™ 16/60 Superdex™ 30 column (GE Healthcare, (Jansson et al. 1989 ) are given in parentheses. Resonances of the methyl protons of the O-acetyl groups are found at Δδ H 2.11-2.23 and carbons at Δδ C 20.92-21.41. n.d. = not determined. 
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Uppsala, Sweden) and freeze-dried to give the O-deacetylated PS.
Component analyses
The O-deacetylated PS was hydrolyzed with 2 M trifluoroacetic acid at 120°C for 30 min. The sample was then reduced with NaBH 4 and acetylated, after which it was analyzed with GLC. The uronic acid was identified through methanolysis under acidic conditions using a Biotage Initiator 2.5 microwave reactor (MeOH, AcCl, 170°C, 10 min) and was analyzed by GLC as an acetylated methyl glycoside methyl ester derivative.
The absolute configurations of GalA, Man and GlcNAc were determined by gas-liquid chromatography (GLC) analysis of their acetylated (+)-butyl glycosides derivatives ((+)-2-butanol, AcCl, 170°C, 30 min, Biotage Initiator 2.5 microwave reactor), whereas the absolute configuration of Rha was determined by GLC analysis of its acetylated (−)-2-octyl glycoside derivative ((−)-2-octanol, AcCl, 170°C, 10 min, Biotage Initiator 2.5 microwave reactor) essentially as described using also racemic 2-butanol and 2-octanol, respectively (Leontein and Lönngren 1993) .
GLC analyses
The alditol acetates were separated on a PerkinElmer Elite-5 column with hydrogen as the carrier gas (25 psi) using a temperature program of 150°C for 2 min, 3°C min −1 up to 220°C and then 10 min at 220°C. The injector and detector temperatures were set to 220 and 250°C, respectively. The acetylated butyl and octyl glycoside derivatives were separated on a PerkinElmer Elite-225 column with hydrogen as the carrier gas (25 psi) using a temperature program of 130°C for 1 min, 4°C min −1 up to 150°C, 1 min at 150°C, 10°C min −1 up to 220°C and then 20 min at 220°C. The injector and detector temperatures were set to 140 and 250°C, respectively. The columns were fitted to a PerkinElmer Clarus 400 Gas Chromatograph equipped with flame ionization detectors. The retention times of the derivatives were compared with those of authentic reference compounds. In both native and O-deacetylated PS, signals of minor intensity corresponding to the enterobacterial common antigen (ECA) were identified (Bruix et al. 1995; Erbel et al. 2004; Fregolino et al. 2012) . Diffusion-filtered NMR experiments were employed to remove the smaller signals originating from impurities of lower molecular weight than the PS of E. coli O115.
NMR spectroscopy
The 1D diffusion-filtered 1 H NMR spectra of the native and O-deacetylated PS from E. coli O115 were recorded at a 1 H frequency of 600 MHz using the 1D stimulated spin-echo sequence with bipolar gradients and LED (ledbpgp2s1d) (Wu et al. 1995) . The experiment was recorded with 24 k data points over a spectral width of 10 ppm, 1 k scans and a total recycle time between scans of 12 s. Diffusion encoded sinusoidal gradient pulses (δ/2) of 2 ms and a strength of 80% of the maximum and an eddy current delay (T e ) of 5 ms were used. For the native and O-deacetylated PS the diffusion times (Δ) were set to 250 and 100 ms, respectively. The assignments of the 1 H and 13 C resonances of the O-deacetylated PS from E. coli O115 were obtained by 2D NMR spectroscopy using a multiplicity-edited 1 H, 13 C-HSQC experiment (Schleucher et al. 1994 ), C-HMBC experiment (Claridge and Pérez-Victoria 2003) . The latter was recorded over a spectral region of 6.0 ppm in the direct dimension and 9.0 ppm in the indirect dimension, with 2048 × 256 data points and 128 scans per t 1 -increment. A 60 ms delay was used for the evolution of long-range couplings and a selective 13 C excitation pulse (Q3 Gaussian cascade) of 2.5 ms was applied at the center of the carbonyl region. The inter-residue correlations were assigned using a gradient-selected 1 H, 13 C-HMBC experiment (Bax and Summers 1986 ) with a 65 ms delay for evolution of the longrange couplings and gradient-selected 1 H, 1 H-NOESY experiments (Kumar et al. 1980 ) with mixing times of 50 and 100 ms. The chemical shifts were compared with those of the corresponding monosaccharides (Jansson et al. 1989) .
The assignments of the 1 H and 13 C resonances of the native PS from E. coli O115 were obtained by 2D NMR spectroscopy using multiplicity-edited 1 H, 13 C-HSQC and gradientselected 1 H frequency of 500 MHz over a spectral region of 5.5 ppm with 2048 × 256 data points and 16 scans per t 1 -increment, using the States-TPPI method and an MLEV-17 spin-lock of 10 kHz. Diffusion-encoded sinusoidal gradient pulses (δ/2) of 1.8 ms and a strength 80% of the maximum and a diffusion delay (Δ) of 100 ms as well as an eddy current delay (T e ) of 5 ms were employed. 
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